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I.  Introduction 


Accelerometer  usage  at  the  Ballistic  Research  Laboratory  ranges  from  measuring  in¬ 
bore  projectile  accelerations1  to  monitoring  relative  phase  between  liquid  oscillations  and 
cylinder  positions  in  a  three-degree-of-freedom  flight  simulator.2  An  interesting  application 
was  made  by  the  Raytheon  Company  when  they  mounted  an  accelerometer  off  the  cen¬ 
tral  axis  of  a  Carco  table  (gyroscope)  and  calculated  components  of  acceleration  through 
rigorous  mathematical  techniques.3 

However,  in-flight  measurements  of  fast  and  slow  precession  for  spin-stabilized  projec¬ 
tiles  currently  include  only  yawsonde  data  to  track  yaw  and  spin  histories.4  The  yawsonde 
is  basically  used  to  determine  if  the  yaw  is  growing.  Yawsondes  employ  two  optical  sensors 
to  determine  the  motion  of  the  projectile  with  respect  to  the  sun.  The  data  are  telemetered 
to  a  ground  station.  The  raw  yawsonde  data  are  a  series  of  pulses  (positive  and  negative) 
that  measure  times  at  which  the  optical  sensors  are  aligned  with  the  sun.  These  data 
yield  a  solar  aspect  angle  (Sigma-N)  (Figure  1)  and  the  Eulerian  roll  rate  of  the  projectile 
(Phi-Dot)  (Figure  2). 5  The  yawsonde  is  restricted  to  use  during  nearly  cloudless  weather 
and  also  has  limitations  on  the  relative  position  of  the  sun  and  on  firing  azimuth  and  QE. 

The  yawsonde  gives  a  planar  representation  of  the  yawing  motion  about  the  trajectory. 
Although  this  representation  is  planar,  the  projectile  is  at  an  angle  of  attack  roughly  equal 
to  the  sum  of  the  peak  magnitudes  of  the  fast  and  slow  motion.  By  filtering  the  trajectory 
and  slow  mode,  the  fast  mode  planar  representation  can  be  obtained  (dotted  line,  Figure 
3).  The  demodulation  of  this  motion  is  representative  of  the  fast  mode  amplitude  (solid 
line,  Figure  3).  Other  yawsonde  data  have  been  reduced  by  this  method  and  display  fast 
mode  damping  with  yaw  induction,  negligible  fast  mode  motion,  and  slow  mode  damping. 

To  supplement  the  yawsonde  data,  an  on-board  accelerometer  could  also  provide 
insight  into  projectile  flight  characteristics.  An  accelerometer  might  be  used  to  determine 
spin  rates,  yaw  rates,  and  amplitudes  of  motions.  In  addition,  acceleration  data  could  be 
collected  in  any  kind  of  lighting  or  firing  conditions. 


II.  Description  of  the  Experiment 

To  show  that  this  method  has  the  potential  to  supplement  the  yawsonde,  simple 
mathematical  derivations  and  laboratory  experiments  were  carried  out  to  see  if  the  angle 
of  attack  could  be  correctly  verified  in  a  laboratory  gyroscope. 


1.  Physical  Setup 

The  mechanical  portion  of  this  project  involved  the  mounting  of  a  sensitive,  crvstal. 
AC  accelerometer  (see  Appendix)  in  the  canister  of  a  gyroscope  (Figure  4).6  The  axis  of 
the  accelerometer  was  centered  perpendicular  to  the  vertical  axis  of  the  canister  14.6  cm 
(^4  in)  above  the  pivot  center  (Figure  5).  A  dense  sponge  material  with  a  small  cavity  to 
hold  the  accelerometer  was  used  to  mount  the  device  in  the  top  of  the  cylinder.  The  coning 
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plate,  located  at  the  bottom  of  the  apparatus,  predetermined  the  coning  angle  (Figure  6). 
In  addition,  a  slip  ring  at  the  top  of  the  gyroscope  enabled  the  accelerometer  signal  to  be 
connected  to  a  signal  analyzer.  This  signal  analyzer  provided  an  ICP  current  through  these 
same  two  input  and  output  lines  to  power  the  accelerometer  (Figure  7).  The  gyroscope 
was  equipped  with  two  optical  sensors.  One  measured  the  inertial  spin  and  the  other  the 
inertial  coning  of  the  gyroscope.  Two  frequency  counters  provided  a  visual  output  of  each 
frequency.  The  spin  was  limited  to  30  Hz  and  the  coning  was  limited  to  13  Hz  to  avoid 
fixture  vibrations. 


2.  Constraints 

Figure  8  represents  the  geometric  configuration  o.  -.he  accelerometer  in  the  gyroscope. 
This  representation  is  only  useful  for  earth-fixed,  single-mode,  coning  motion  where  the 
accelerometer  is  placed  on  the  spin  axis  with  the  sensitive  axis  oriented  perpendicular  to 
the  long  axis  of  the  projectile  (/).  It  does  not  include  components  for  off-axis  accelerometer 
placement,  epicyclic  motion,  or  coriolis  forces.  In  essence,  only  centripetal  acceleration  is 
under  consideration. 


3.  Geometrical  Interpretation 

The  following  three  basic  equations  are  used: 


|  aT  |=  r(27r<^i)2 
I  <sm  |=|  ar  j  cosa 
a  =  sin-1 

where: 


(1) 

(2) 

(3) 


I  am  1  —  magnitude  of  maximum  acceleration  along  sensitive  axis 

of  accelerometer 

I  Or  |  =  magnitude  of  maximum  acceleration  along  r 

r  =  radius  of  circular  motion  of  accelerometer 

a  =  coning  angle 

^  =  length  from  the  accelerometer  to  the  gimbal  axis 

4>\  =  earth-fixed  inertial  coning  rate  (Hz) 


Raw  voltage  output  is  converted  to  |  am  |  by: 
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,  (9)(n/2)(S) 

|a”l= - ml - 

where: 


(4) 


cal  =  calibration  of  accelerometer  (milli-volts/g) 
5  =  accelerometer  output  (rms  milli-volts) 

g  =  gravitational  conversion  factor 


Eq.  (3)  is  then  solved  in  terms  of  the  coning  rate  and  measured  acceleration: 


1  ■  -1  (  I  an 

a  =  -sm  l  - 

2 


V(2 


(5) 


III.  Output 


Most  spin-stabilized  projectiles  have  the  spin  and  yaw  rotations  in  the  same  directional 
sense  (prograde  motion).  Since  the  accelerometer  is  on  the  spinning  frame,  responses  from 
the  accelerometer  for  circular,  single-mode,  prograde  motion  occur  at  a  frequency: 

f  =  p-4>  i  (6) 


where: 


p  =  earth-fixed  inertial  spin  rate  (Hz) 

/  =  frequency  of  response  with  respect  to  body-fixed  frame  (Hz) 


The  typical  spectrum  output  of  the  accelerometer  is  shown  in  Figure  9.  The  response 
occurs  at  the  expected  /  =  p  —  <f>\  =  11.63  Hz.  The  amplitude  of  this  response  represents 
the  peak  acceleration  in  mVrms  resulting  from  the  sensitive  axis  aligned  toward  the  center 
of  rotation  (along  r,  Figure  4). 


IV.  Discussion 

Table  1  represents  data  from  six  spin  and  coning  sets  at  a  constant  coning  angle  of 
1.97°.  The  estimated  error  for  this  angle  is  0.10%.  This  angle  was  mechanically  measured 
using  a  cathometer  and  dial  indicators. 
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Table  1.  Data  with  1.97°  Coning  Plate. 


Counter  readings 

Analyzer  readings 

P 

p-i 'l 

/ 

5 

1  Sm  | 

r  calc 

&calc 

(Hz) 

(Hz) 

(Hz) 

(Hz) 

(mVrms) 

(m/s2) 

(m) 

(<fpg) 

29.1 

10.0 

h  irn 

19.13 

142.1 

1.96 

28.8 

8.3 

KmJI 

20.75 

98.3 

1.95 

26.04 

10.8 

\m  iWZ  K 

15.13 

175.0 

2.05 

19.86 

8.2 

11.63 

11.63 

98.7 

13.6 

1.99 

17.64 

12.6 

5.05 

5.13 

240.7 

33.1 

2.08 

13.55 

9.3 

4.25 

4.25 

125.2 

17.2 

1.98 

The  differences  between  the  coning  plate  angle  and  acaic  give  a  probable  error  of  2%. 
There  Eire  three  sources  of  inaccuracy  in  the  mechanical  setup  of  the  accelerometer.  First, 
the  accelerometer  was  not  rigidly  fixed  within  the  cavity.  Any  unrestrained  movement  of 
the  acclerometer  within  the  cavity  causes  variations  in  the  output.  Second,  the  vertical 
height  (/)  was  measured  with  a  straight  edge.  And  third,  the  manufacturer’s  precision 
in  the  calibration  was  not  completely  correct.  It  is  expected  that  a  more  stable  and 
measurable  mount  would  provide  more  accurate  results.  Table  2  shows  the  uncertainty  in 
each  term. 


Table  2.  Uncertainty  in  Variables. 


Variable 

Uncertainty 

cal 

±  1  mV/g 

I 

±  0.508  cm 

s 

±  1.0  mVrms 

<t>  1 

±  0.2  Hz 

The  uncertainties  in  the  elements  listed  in  Table  2  combine  in  the  propogation  of  error 
technique  to  determine  an  uncertainty  in  acaic  of  6%.  Thus  the  true  error  in  acaic  is 
estimated  to  be  between  2  and  6%.  The  propogation  of  error  also  shows  that  the  estimated 
error  of  6%,  in  the  present  experiment,  can  be  significantly  reduced  by  a  more  accurate 
determination  of  ^  and  /. 


V.  Conclusion  and  Recommendations 


The  experiment  showed  that  using  simple  geometrical  principles,  accelerometers  can 
accurately  measure  the  coning  angle  on  a  gyroscope.  In  this  laboratory  experiment,  the 
accelerometer  can  measure  the  coning  angle  to  within  6%  of  its  actual  value.  The  inaccu¬ 
racies  that  were  generated  in  the  setup  may  not  occur  when  the  accelerometer  is  actually 
mounted  on  a  more  suitable  fixture.  The  Ballistic  Flight  Simulator  can  be  used  to  pro¬ 
vide  complex  motions  required  for  more  advanced  laboratory  testing.  Experience  must  be 
gained  in  determining  which  method  is  better  for  finding  fast  and  slow  mode  rates  found 
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in  actual  flight  cases.  Flight  testing  of  the  device  may  be  required  to  determine  addi¬ 
tional  problems  with  the  measurement  technique,  including  launch  failure  or  calibration 
variation,  effects  of  coriolis  and  dynamic  range  of  instrumentation  required  to  effectively 
yield  both  fast  and  slow  mode  rates  and  a  wide  range  in  yaw  amplitudes.  This  method  of 
measuring  yaw  rates  and  amplitudes  has  the  potential  to  be  used  in  conjunction  with  or 
in  place  of  the  yawsonde. 
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Figure  4.  Forced 
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:>scope  apparatus. 


Figure  5.  Location  of  accelerometer  in  cylinder. 
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LABORATORY  FRAME 


BODY-FIXED  FRAME 


Figure  7.  Block  diagram  of  setup. 
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2.97°,  p  =  19.86  Hz,  <j>,  =  8.23  Hz. 
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Picatinny  Arsenal,  NJ  07806-5000 


4  Commander 
U.S.  ARDEC 
US  Army  AMCCOM 
ATTN:  SMCAR-AET-A 
Mr.  H.  Hudgins 
ATTN:  SMCAR-LCU-SI 
Mr.  F.  Brody 
Mr.  S.  Harnett 

Picatinny  Arsenal,  NJ  07806-5000 

1  HQDA 

DAMA-ART-M 
Washington,  DC  20310 

1  Commander 

U.S.  AMCCOM  ARDEC  CCAC 
Benet  Weapons  Laboratory 
ATTN:  SMCAR-CCB-TL 
Watervliet,  NY  12189-4050 

1  Commander 

U.S.  Army  Armament.  Munitions 
and  Chemical  Command 
ATTN:  AMSMC-IMP-L 
Rock  Island,  IL  61299-7300 

1  Commander 

U.S.  Army  Aviation  Systems  Command 
ATTN:  AMSAV-ES 
4300  Goodfellow  Blvd 
St  Louis,  MO  63120-1789 

1  Commander 

David  W.  Taylor  Naval  Ship 
Research  and  Development 
Center 

ATTN:  Dr.  Williams  K.  Blake 
Bethesda,  MD  200S4-5000 
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DISTRIBUTION  LIST 


No. 

Copies  Organization 

1  Director 

US  Army  Aviation  Research  and 
Technology  Activity 
Moffett  Field,  CA  94035-1099 

1  Commander 

US  Army  Operations  Test  and 
Evaluation  Agency 
ATTN:  CSTE-TM-FA 
5600  Columbia  Pike 
Falls  Church,  VA  22041 

1  Commander 

US  Army  Communications 
Electronics  Command 
ATTN:  AMSEL-ED 
Fort  Monmouth,  NJ  07703-5000 

1  Commander 

CECOM  R&D  Technical  Library 
ATTN:  AMSEL-IM-L, 

(Reports  Section)  B.  2700  1 

Fort  Monmouth,  NJ  07703-5000 


No. 

Copies  Organization 

1  Commander 

US  Army  TRADOC 
ATTN:  ATDC-F-A 
Fort  Monroe,  VA  23651 

1  Commander 

US  Army  Missile  Command 
ATTN:  AMSMI-RDK,  Mr.  R.  Deep 
Redstone  Arsenal,  AL  35898-5230 

1  Director 

US  Army  Missile  and  Space 
Intelligence  Center 
ATTN:  AIAMS-YDL 
Redstone  Arsenal,  AL  35898-5500 

1  Commander 

US  Army  Tank  Automotive  Command 
ATTN:  AMSTA-TSL 
Warren,  MI  48397-5000 

AFWL/SUL 

Kirtland  AFB,  NM  87117-600S 


10  C.  I.  A. 

OIC/DB/Standard 
GE47  HQ 

Washington,  DC  20505 

1  Commandant 

US  Army  Infantry  School 
ATTN:  ATSH-CD-CS-OR 
Fort  Benning,  GA  31905-5400 

1  Commander 

US  Army  Missile  Command 
Research  Development  and 
Engineering  Center 
ATTN:  AMSMI-RD 
Redstone  Arsenal,  AL  35898-5230 


1  Director 

US  Army  TRADOC  Analysis  Center 
ATTN:  ATOR-TSL 
White  Sands  Missile  Range 
NM  88002-5502 

1  Commander 

US  Army  Development  <Sz  Employment 
Agency 

ATTN:  MODE-ORO 
Fort  Lewis,  WA  98433-5000 

1  Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-GD 
Fort  Sills,  OK  73503 
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DISTRIBUTION  LIST 


No. 

Copies 


Organization 


No. 

Copies 


Organization 


1  Commander 

US  Army  Yuma  Proving  Ground  1  Commander 

ATTN:  STEYP-MTW  U.S.  ARDEC 

Mr.  J.  Peters  ATTN:  Fire  Support  Armaments  Center 

Yuma,  AZ  85365-9103  Mr.  Modesto  Barbarisi 

Picatinny  Arsenal,  NJ  07806-5000 

1  Director 

US  Army  Field  Artillery  Board 
ATTN:  ATZR-BDW 

Fort  Sill,  OK  73503  Aberdeen  Proving  Ground 


1  AFATL/DLODL 
Tech  Info  Center 

Eglin  AFB,  FL  32542-5438 

2  Raytheon  Company 
Hartwell  Road 

ATTN:  Mr.  V.A.  Grosso 
Bedford.  MA  01730 

1  Commander 

Naval  Surface  Warfare  Center 
ATTN:  Dr.  W.  Yanta 

Aerodynamics  Branch 
K-24,  Building  402-12 
White  Oak  Laboratory 
Silver  Spring,  MD  20910 


Director,  USAMSAA 
ATTN:  AMXSY-D 
AMXSY-RA 
Ms.  J.  Krolewski 
AMXSY-NP 
H.  Cohen 

Commander,  USATECOM 
ATTN:  AMSTE-SI-F 
AMSTE-TE-F 
L.  Neally 
W.  Vomocil 

Commander,  PM-SMOIvE,  Bldg.  324 
ATTN:  AMCPM-SMK-M 
Mr.  J.  Callahan 


1  Director 

National  Aeronautics  and  Space 
Administration 
Ames  Research  Center 
ATTN:  Dr.  T.  Steger 
Moffet  Field,  CA  94035 

1  Vought  Corporation 
Missiles  and  Advanced 
Programs  Division 
ATTN:  G.W.  Krieder 
P.O.  Box  65003 
Dallas,  TX  75265 


Cdr,  CRDEC,  AMCCOM 
ATTN:  SMCCR-MU 
Mr.  W.  Dee 
Mr.  C.  Hughes 
ATTN:  SMCCR-RSP-A 
Mr.  Miles  Miller 
ATTN:  SMCCR-SPS-IL 
SMCCR-RSP-A 
SMCCR-MU 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the 
reports  it  publishes.  Your  comaents/answers  to  the  iteas/questions  below  will 
aid  us  in  our  efforts. 

1.  BRL  Report  Number_ _ Date  of  Report _ 

2.  Oate  Report  Received _ . _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or 

other  area  of  interest  for  which  the  report  will  be  used.) _ 


4.  How  specifically,  is  the  report  being  used?  (Information  source,  design 
data,  procedure,  source  of  ideas,  etc.) _ 


S.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far 
as  man-hours  or  dollars  saved,  operating  costs  avoided  or  efficiencies  achieved, 
etc?  If  so,  please  elaborate.  _ _ _ _ 


6.  General  Coaaents.  What  do  you  think  should  be  changed  to  improve  future 
reports?  (Indicate  changes  to  organization,  technical  content,  format,  etc.) 


Name 


CURRENT 

ADDRESS 


Organization 

Address 


City,  State,  Zip 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the 
New  or  Correct  Address  in  Block  6  above  and  the  Old  or  Incorrect  address  below. 


Naae 

°LD  Organization 

ADDRESS 

Address 


City,  State,  Zip 


(Remove  this  sheet,  fold  as  indicated,  staple  or  tape  closed,  and  mail.) 


Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-5066 


OFFICIAL  BUSINESS 

PENALTY  PON  PRIVATE  USE.  $300 


POSTAGE  WILL  BE  PAID  BY  DEPARTMENT  OF  THE  ARMY 


BUSINESS  REPLY  MAIL 

FIRST  CLASS  PERMIT  NO  12062  WASHINGTON, DC 


Director 

U.S.  Army  Ballistic  Research  Laboratory 
ATTN:  SLCBR-DD-T 

Aberdeen  Proving  Ground,  MD  21005-9989 


NO  POSTAGE 
NECESSARY 
IF  MAILED 
IN  THE 

UNITED  STATES 


FOLD  HERE 


